The effect of mature males on the sexual development of young female and male field voles, reared in either long (stimulating) or short (inhibiting) photoperiods, was examined. Females reared in the presence of a mature male had a more advanced state of sexual maturation (as indicated by uterine weight) than did females reared in isolation from males, in long and short photoperiods (P < 0\m=.\01). No interaction between photoperiod and male presence was found. Augmented uterine growth occurred not only when young females were separated from mature males by a wire mesh or solid metal screen but also when they were merely exposed to bedding previously used by mature males. Castrated males had no effect on the sexual development of females. The effect ofmature males on the sexual development of young males was less clear, although there was some indication that the presence of adult males inhibited their sexual development in long and short photoperiods. For males and females, growth rate was stimulated by long photoperiod, but no effect of male presence on growth rate was found.
Introduction
Photoperiod is the principal environmental factor controlling sexual development in the field vole (Microtus agrestis): long photoperiods accelerate and short photoperiods retard or inhibit sexual development (Baker & Ranson, 1933; Clarke & Kennedy, 1967; Grocock & Clarke, 1974) . However, there are reasons for supposing that the effect of photoperiod may be modified by other environmental features, including social factors (Clarke & Kennedy, 1967; Clarke, 1981) . In a limited experiment, it has already been demonstrated that vaginal perforation of weaned female field voles is hastened when they are in permanent direct contact with sexually mature males (Clarke & Clulow, 1973) . This acceleration of puberty seen in females reared in the presence of mature males has been noted in a wide range of mammal species, particularly amongst rodents (for review, see Marchlewska-Koj, 1984) . On the other hand, sexual maturation of male laboratory mice and laboratory-bred bank voles is delayed by the presence of conspecific sexually mature males (Vandenbergh, 1971; Gustafsson, 1983) .
Here, we report the results of experiments designed to study more closely the effect of mature males upon the sexual development of young female and male field voles, reared in long or short photoperiods, examining the separate and joint effect of photoperiod and male presence. when treatments began, were housed in wire mesh cages (28 18 12 cm), divided down the middle by a screen of wire mesh (holes 7x7 mm) or of solid metal. Two weanling voles (aged 16 ± 1 days) were placed in one half of each cage. In treatments in which the experimental animals were exposed to adult males (intact or castrated) each adult male was housed in the other half of a cage. The barrier allowed only slight tactile contact between the adult males and the experimental animals, which were exposed to a different adult male each week. No adult male was placed in short photoperiod for longer than 7 days at a time. This ensured, in the intact males, that regression of the testes did not occur (Clarke & Kennedy, 1967; Grocock, 1972) . When young females were exposed to soiled bedding, this was placed with the females in one half of the divided cages.
Animals were kept in photoperiod cabinets (Grocock & Clarke, 1974) in rooms without other mature males or females. These cabinets were equipped with four 25-W tungsten bulbs, giving a light intensity of 188-3 klx at the front of the cage and 27-2 klx in the nest. Temperature in the cabinets was 18 + 2°C.
In all 4 experiments, treatments continued for 6 weeks. Animals were then killed by ether vapour. Ovaries, uteri, testes and pituitary glands were weighed fresh and fixed in Bouin's fluid. Carcasses of males were preserved in 10% formalin, and the seminal vesicles were later weighed. Paraffin wax sections (6 pm) of ovaries and testes were stained with Ehrlich's haematoxylin and eosin. Experiment 1. Treatments were arranged as a 2 2 factorial (Bailey, 1981) with females reared in long photoperiod (LP: 16L:8D) or short photoperiod (SP: 6L:18D), and in the presence ( + <?) or absence ( -£) of a sexually mature male. Groups of 4 weanling females, matched for age, body weight and absence of sexual development, were assigned to one of the four treatments (LP + ¿, LP -¿, SP + c?, SP -S). There were 6 such blocks of 4 comparable animals. Experiment 2. Groups of 4 weanling females, matched for age, body weight and absence of sexual development, were placed in a short photoperiod (6L:18D) and assigned to one of tbì following treatments:
Tl: separated from a mature male by a wire mesh barrier (as in Exp. 1); T2: separated from a mature male by a double wire-mesh barrier, allowing no tactile contact between the animals; T3: separated from a mature male by a solid metal sheet, allowing neither tactile nor visual contact between the animals; T4: in a room isolated from any males, but reared in bedding that had immediately before this been used by 4 or 5 mature male voles, living together in a wire mesh cage. The used bedding was replaced twice weekly. Experiment 3. Weanling females, arranged as 6 pairs of comparable animals, were allocated at random to one of two treatments in a short photoperiod (6L:18D):
(a) separated by a wire mesh barrier from a sexually mature male (SP + ¿) or (b) separated by a wire mesh barrier from a castrated male (SP + $). These males had been castrated at least 4 weeks before the start of the experiment, to ensure that their accessory sexual organs had fully regressed (Jorné-Safriel, 1968 ). Experiment 4. Using a 2 2 factorial design, males were reared in long photoperiod (LP: 16L:8D) or short photoperiod (SP: 6L:18D), and in the presence ( + *) or absence (-?) of a sexually mature male. Groups of 4 weanling males, matched for age, body weight and absence of sexual development, were assigned at random to the four treatments (LP + <$, LP -$, SP + ¿, SP -<S). There were 7 such blocks of 4 animals. The width of the seminiferous tubules was estimated by measuring 15 tubules in each animal, and using the average of these figures as the best estimate for each vole.
Growth rates. In all experiments, growth rates were calculated from the difference between final and initial body weights divided by time in days.
Statistics. The significance of effects of treatments was tested by a Factorial Analysis of Variance (Bailey, 1981) .
Results

Experiment 1: the effect ofphotoperiod and male presence on female maturation
Uteri increased in weight in the order SP -ci\SP + c?,LP -(J,toLP + cJ(seeFig. 1). Analysisof variance showed a significant photoperiod (P < 0001) and male (P < 001) effect, but no interaction between the two factors. Uterine weights were more variable in the SP + <J treatment than in others, as shown by the coefficients of variation. Weights ranged from 8-4 to 51-7 mg. However, neither in this nor in any other experiments was there significant heterogeneity of variances.
Ovarian and pituitary gland weights showed the same pattern of treatment differences (see Table 1 ). There was a significant photoperiod effect on ovarian and pituitary weights (P < 0001 for both), and a significant male effect on pituitary weights only (P < 005). In no case was any interactive effect found.
Growth rates were significantly higher in long than in short photoperiods (P < 001) but were not affected by the presence of a male ( Experiment 2: nature of the male stimulus There was no treatment effect on uterine weights (see Fig. 2 ). Uterine weights in these treatments were not significantly different from those in Exp. 1, treatment SP + $ As with that treatment, all uteri were significantly heavier than those of females in Exp. 1, treatment SP -<$. The coefficient of variation was large in all four treatments.
There was no treatment effect on growth rates. 
Experiment 3; the effect of castrated males on female maturation
The females reared in the presence of a sexually mature male (SP + ¿) had significantly heavier uteri (420 + 9-4mg) than did those reared in the presence of a castrated male (SP + $) (10-8 + 3-5mg; < 001). The ovaries (4-33 ± 0-50 compared to 302 + 0-25mg) and pituitary glands (1-32 ± 0-05 compared to 0-92 + 007 mg) were likewise significantly larger in the SP + ¿ treatment than in the SP + $ treatment (P < 005 and < 001 respectively).
Uteri of females in the SP + $ treatment were heavier than those in the corresponding treatment in Exp. 1, and than those in all four treatments in Exp. 2. However, these differences were not statistically significant. The coefficient of variation for uterine weights (61-9% for SP + ¿, 32-2% for SP + $) was, as in the corresponding treatments in Exps 1 and 2, high.
There was no statistically significant difference between the weights of uteri, ovaries or pituitary glands of the females in the SP + $ treatment and those of females in the SP -<S treatment of Exp. 1. There was no treatment effect on growth rates.
None of the females in Exps 1-3 had corpora lutea.
Experiment 4; the effect ofphotoperiod and male presence on male maturation
There was a significant effect of photoperiod on testis and seminal vesicle weight, and on semi¬ niferous tubule diameter (all < 0001), with animals in long photoperiod having heavier testes and seminal vesicles and wider seminiferous tubules than did animals in short photoperiods. Only tubule diameter showed a significant male effect (P < 005), with the tubules of those animals reared in the presence of mature males being narrower than those reared in their absence (see Table  3 ). There was no interaction between the photoperiod and the male effect. Growth rates were significantly higher in long than in short photoperiods (P < 001) but were not affected by the presence of a mature male (Table 2 ).
Discussion
The results of the present experiments show that the well-known effects of photoperiod upon the sexual development of female and male field voles can be modified by the presence of sexually mature males.
For females, long photoperiod stimulates ovarian, uterine and pituitary development, and this effect is augmented by the presence of a mature male. Short photoperiod inhibits or retards the growth of the ovaries, uterus and pituitary gland, but the presence of a mature male can, to some extent, overcome this effect. However, the greater variability in uterine weight that was found in animals in short photoperiod in the presence of a mature male suggests that there may be two types of female: those that are and those that are not sensitive to the presence of a mature male, in an otherwise inhibiting short photoperiod. The size of the uterus can be taken as a measure of oestrogen secretion (Zarrow, Yochim & McCarthy, 1964) . Increased uterine weight suggests higher oestrogen release from the ovaries which may enhance fertility through sexual arousal and by causing a stronger decidual cell reaction. Healthy virgin females from our laboratory stock are highly fertile at the age of 2 months, when uteri weigh about 40 mg (Jorné-Safriel, 1968) . Females with uteri of only 7-10 mg are unlikely to become pregnant.
It can be concluded that the stimulus provided by sexually mature males is pheromonal, since augmented uterine growth occurred in the short photoperiod in the absence of tactile or visual con¬ tact and even if females merely had contact with bedding previously used by mature males. Milligan (1974, 1975) found that, while tactile contact between male and female voles through a single barrier of wire mesh will cause a high proportion of females to ovulate, air-borne olfactory stimuli alone induce ovulation in a very much lower proportion of voles. The acceleration of puberty of females in the presence of mature males which has been reported for several other rodent species (Colby & Vandenbergh, 1974; Carter, Getz, Gavish, McDermott & Arnold, 1980; Baddloo & Clulow, 1981; Marchlewska-Koj, 1984) has in most cases been effected by exposure of females to male urine. Attempts to isolate the active fraction of the urine have not yet been totally successful, but work on mouse urine (Marchlewska-Koj, 1981; Vandenbergh, 1983) suggests that the active part is associ¬ ated with the protein fraction. When female mice are given direct contact with adult males, stimulation of sexual maturation is greater than when males are separated from the females, or when females are exposed to male-soiled bedding. This extra stimulation appears to occur via the tactile contact between the females and males. It also occurs if weanlings are exposed to androgenized females (Drickamer, 1974a) . Castrated male field voles had no effect on the sexual development of the young females, as has been found for the laboratory and house mouse (Colby & Vandenbergh, 1974; Bronson & Maruniak, 1975) . Castrated male mice regain their ability to accelerate puberty when testosterone propionate is administered, indicating that the inability of castrated males to stimulate female maturation is probably due to the absence of a male hormone-dependent pheromone (Lombardi, Vandenbergh &Whitsett, 1976) .
The failure to find recent corpora lutea in any of the females contrasts with other results in which female field voles in contact with adult males through a wire mesh barrier had several gene¬ rations of corpora lutea, suggesting a sequence of ovulations (Milligan, 1974) . However, there are differences of technique between the present experiments and those of Milligan (1974) . Milligan (1974) used females which were adult at the start of the treatments and, as the sexually mature males to which they were exposed were confined to a wire mesh tunnel within the females' cage, tactile contact between the sexes would have been more extensive than in the present experiments. When Milligan used a double barrier, thus eliminating tactile contact, corpora lutea were present in only 1 female out of 20.
The effect of mature males on the rate of mauration of young male field voles was less straight forward. There was no influence on testis or seminal vesicle weight, but the width of the seminiferous tubules, a further index of testicular activity, was significantly smaller in the groups reared in the presence of adult males than in those reared in their absence, in long and short photoperiods. As wider seminiferous tubules in which normal spermatogenesis is progressing contain more germ cells, sexually mature males may adversely affect the fertility of young males. Vandenbergh (1971) also found with laboratory mice that sexually mature males inhibited development of young males, although in that case the presence of the adults reduced testis weight, but had no effect on seminiferous tubule width.
Growth rates of males and females were greater in long than in short photoperiods, but were unaffected by the presence of a mature male. The relationship between growth rate, gonadal activity and environmental stimuli (whether photoperiodic or pheromonal) seems not to be straight forward: an association between sexual maturation and growth rates has been reported for female mice and voles in response to various environmental factors (Cowley & Wise, 1972; Batzli, Getz & Hurley, 1977; Badloo & Clulow, 1981) , while in other cases no such association has been found (Vandenbergh, Drickamer & Colby, 1972) . It seems possible that gonadal hormones stimulate growth when their titre rises above a certain threshold, reached in these experiments in long photoperiods irrespective of the presence or absence of mature males. Dark & Zucker (1984) showed that the increase in body weight of meadow voles (Microtus pennsylvanicus) associated with long photo¬ periods does not occur if the animals are castrated. Alternatively, it may be that the increased growth rates were regulated independently of the increase in the rate of sexual maturation via a stimulus provided only by photoperiod. Drickamer (1974b Drickamer ( , 1975a , working on female house mice, showed that when sexual maturation of young females was delayed by pheromones produced by grouped females there was no effect on growth rates, but when constant light depressed the rate of sexual maturation to roughly the same extent, growth rates were also depressed.
The possibility of an interaction between photoperiod and male presence was tested in Exps 1 and 4, but no such effect was found. The influences of male presence and of photoperiod on the sexual maturation are therefore factors that act independently of each other. Drickamer (1975b) , working with female house mice, found no interaction between the inhibiting effect of constant light, the stimulating effect of male presence, and the inhibiting effect of grouping on sexual maturation (as indicated by age at first oestrus).
The present results have shown that a pheromonal influence from mature male field voles, by stimulating sexual development in young females and inhibiting it in young males, can modify the undoubted effect that photoperiod has on the development and maintenance of gonadal activity. This appears to distinguish the field vole, Microtus agrestis, from the prairie vole, Microtus ochrogaster, in which, under laboratory conditions, the sexual development and fertility of males is influenced by photoperiod but that of females is not, being regulated instead by the presence of sexually mature males (Nelson, 1985) . These various findings which show the importance of pheromones in stimulating or inhibiting gonadal activity have implications for wild populations of voles. For unknown reasons breeding seasons extend later into the autumn at some stages in the 4-year population cycles of microtine rodents than at others (Krebs, 1978) . The existence of mature males when daylength is less than optimal for sexual development of the young (Baker & Ransom, 1933 ) would help to sustain reproduction at least in some females. The presence of over-wintered adult males which become sexually mature early in the new breeding season (Chitty, 1952) would augment the rate of sexual maturation of the young females arising from the first pregnancies of spring, and tend to retard the sexual development of young males. This, from an evolutionary point of view, would be advantageous for the mature males. N.S. was supported by a Natural Environmental Research Council Research Studentship. We thank Janet Evans and Valerie Petts for invaluable assistance with this work.
